Purpose: To investigate the quantitative changes of circumferential angle closure after laser iridotomy (LI) using the iridotrabecular contact (ITC) index by Swept-Source optical coherence tomography (OCT). Methods: In this prospective observational study conducted in a hospital setting, 42 eyes of 36 patients (five males, 31 females) who underwent LI were included. The mean age was 65.00 AE 8.13 years old and the diagnosis included primary angle closure (PAC, 21 eyes), PAC suspect (16 eyes) and PAC glaucoma (five eyes). Optical coherence tomography (OCT) images were obtained pre-LI and at 1 week post-LI. In each image frame, the scleral spur (SS) and the ITC endpoint were marked, from which the ITC index was calculated as a percentage of the angle closure across 360°. Measurements inspected before and after LI included: central anterior chamber depth (ACD), anterior chamber volume (ACV), lens vault (LV), nasal and temporal angle opening distance (AOD), angle recess area (ARA), trabecular-iris space area (TISA), trabecular-iris angle (TIA) at 500 lm and 750 lm from the SS and intraocular pressure (IOP). Results: The ITC index and IOP decreased significantly after LI from 71.52 AE 26.29 to 35.31 AE 27.19 and from 20.64 AE 12.72 mmHg to 14.02 AE 3.49 mmHg, respectively (p < 0.001 and p < 0.001). Central ACD (1.94 AE 0.31 mm pre-LI) and LV (1.13 AE 0.32 mm pre-LI) did not show a significant change after LI (all p > 0.05), but ACV increased significantly after LI (p < 0.001). Most of the angle parameters except for nasal TIAs increased significantly after LI (all p < 0.05). Conclusion: The ITC index from patients with shallow anterior chamber angle showed a significant decrease after LI, but part of the angle closure was not relieved after LI. Other mechanisms besides pupillary block may play a role together in causing angle closure.
Introduction
Proper examination of the anterior chamber angle (ACA) is essential for the correct evaluation of individuals suspected of having angle closure and after laser iridotomy (LI) (Congdon et al. 1992 ). However, gonioscopy, the current clinical method of angle assessment, lacks objectivity, requires the expertise of a trained examiner, and is uncomfortable for patients (Yi et al. 2008) . Another method, conventional anterior optical coherence tomography (OCT), provides a single cross-sectional slice view across the anterior segment and, thus, the rest of the angle is not visualized or considered in determining angle status (Friedman & He 2008; Sakata et al. 2008; Wylegala et al. 2009 ). The swept-source anterior segment (AS) OCT (CASIA SS-1000, Tomey Corporation, Nagoya, Japan) is a newer approach that employs a swept laser source at a wavelength of 1310 nm and a scan speed of 30 000 A-scans/s. The swept-source OCT's low density 3-dimensional angle analysis scan obtains multiple radial scans of the whole anterior chamber for the entire circumference of the angle within seconds (2.4 seconds) (Liu et al. 2011) . In-built semi-automated analysis software, which requires observer input, analyses the extent of iris-trabecular contact (ITC) across 360°of the angle, and provides a summary measure of the extent of angle closure expressed as a percentage [i.e. (extent of angle closure)/360°]; this percentage is termed the ITC index (Fukuda et al. 2012) .
The inter-and intra-observer agreement of the ITC index has been reported to be good Ho et al. 2013) . The ITC index was demonstrated to have a good diagnostic performance for angle closure with gonioscopy as the reference standard with a sensitivity of 71.9% and specificity of 84.3% . However, an evaluation of the circumferential peripheral angle closure after clinical procedures such as the LI has not yet been performed, to our knowledge.
Laser iridotomy (LI) is considered to be the primary treatment modality for angle closure. This procedure relieves a pupillary block via the generation of a shunt that allows aqueous flow from the posterior chamber to the anterior chamber (Nolan et al. 2000; Saw et al. 2003; Wright et al. 2016) . However, previous studies have reported that some of the ACA of angle closure eyes that underwent LI remained closed ranging from 19.4% to 42.9% (Alsagoff et al. 2000; Yeung et al. 2005; He et al. 2007; Lee et al. 2011) . Pathogenic mechanisms other than pupillary block, such as forward movement of the lens or plateau iris configuration, have also been suggested to contribute to angle closure (He et al. 2006; Kumar et al. 2008 Kumar et al. , 2009 Nongpiur et al. 2011) . These findings raise questions as to how much pupillary block contributes to primary angle-closure mechanism and how effective LI is in all cases of angle closure.
In this prospective study, we investigated the quantitative changes of circumferential angle closure after an LI using the ITC index as assessed with a swept-source AS OCT.
Subjects and Methods
This was a prospective observational study conducted in accordance with the tenets of the Declaration of Helsinki and approved by the hospital's institutional review board. Written informed consent was obtained from all participants.
Subjects
Primary angle-closure suspect (PACS), Primary angle closure (PAC) and Primary angle-closure glaucoma (PACG) who underwent LI were included in the present study.
Primary angle-closure suspect (PACS) was defined as an eye with narrow angles (in which the pigmented posterior trabecular meshwork was not visible on gonioscopy for at least >270°i n the primary position), an intraocular pressure of ≤21 mmHg and the absence of glaucomatous optic neuropathy or peripheral anterior synechiae (Foster et al. 2002) .
Primary angle closure (PAC) was considered present when an eye had an occludable angle (appositional contact between the peripheral iris and the posterior trabecular meshwork >270°) and exhibited features indicative of trabecular obstruction by the peripheral iris, such as elevated intraocular pressure (IOP), the presence of PAS, iris whorling (distortion of radially oriented iris fibres), 'glaukomflecken' lens opacity or excessive pigment deposition on the trabecular surface, but without the development of a glaucomatous optic disc or any visual field (VF) change (Foster et al. 2002) .
Primary angle-closure glaucoma (PACG) was defined as eyes with narrow angles associated with glaucomatous optic neuropathy (defined as loss of neuroretinal rim with a vertical cup-to-disc ratio of 0.7 or an inter-eye asymmetry of 0.2, or notching attributable to glaucoma) with corresponding visual field loss (Foster et al. 2002) .
Because the purpose of this study was to evaluate the ACA change after LI, eyes with peripheral anterior synechiae (PAS) in the ACA before the LI were excluded. All eyes were newly diagnosed cases and especially in PACG eyes, they were incidentally diagnosed to have "glaucoma" after narrow angle was found and optic disc exam was performed. Chronic PACG cases with PAS and high IOP even under hypotensive eye drop were not included. We also excluded patients with a history or current use of topical or systemic medications that could affect the angle or the pupillary reflex; those with a history of previous intraocular surgery including cataract surgery, laser trabeculoplasty, laser iridoplasty and laser iridotomy; and those unable to fixate prior to undergoing anterior segment OCT examination. Eyes diagnosed with secondary angle closure, such as neovascular or uveitic glaucoma, were also excluded.
After OCT images were acquired, bad images due to blinking or poor fixation were also excluded. If both eyes had the same diagnosis, only one eye was selected randomly for inclusion in the study.
Laser peripheral iridotomy
Laser iridotomy (LI) was performed in the superior region of the iris (from 10 to 2 o'clock) with sequential argon and neodymium-yttrium-aluminum-garnet lasers. One hour before the LI, the eyes were pretreated with 2% pilocarpine. The argon laser delivered 500 to 1000 mW power with a spot size of 50 µm for a duration of 0.05 second and the yttrium-aluminum-garnet laser was set to 2-5 mJ.
AS OCT imaging
All subjects underwent OCT imaging before any contact procedure and before initiation of any glaucoma medications. OCT imaging was performed pre-LI and 1 week post-LI under constant dim light (15 lux) with the patient in a sitting position. The upper eyelid was gently elevated and the lower eyelid was gently pulled down by the operator, so that the ACAs could be seen in the scan window; care was taken to avoid inadvertent pressure on the globe. Patients were asked to focus on an internal fixation target, and once the patient had been optimally positioned, each eye was scanned with 3-dimensional angle analysis using the auto-alignment function (the entire scan took 2.4 seconds). This algorithm acquires 16 consecutive meridional scans composed of 256 radial B-scans each with 512 A-scans and covering a distance of 16 mm across the anterior chamber.
Analysis of images
The CASIA built-in software was used to measure the ITC index, which is a semiquantitative measure of the extent of angle closure expressed as a percentage. The ITC analysis uses crosssectional meridional images of the anterior segment (which are not corrected for index of refraction) to analyse the extent of contact between the iris and the angle wall.
In each anterior segment image frame, the scleral spur (SS) and the ITC end-point (EP) were marked manually by a single examiner (H-K.C.) with a "x" mark and "+" mark, respectively, for both quadrants in the image. The SS was identified as the point at which a change in the curvature of the corneo-scleral interface occurred. The EP was identified as the most anterior point of iris contact to the angle wall. There were some frames in which these points could not be identified, so they were noted as in the "invisible range" and were omitted from the analysis. In such cases, attempts were made to replace those images with the nearest scans with visible SS and EP. Subsequently, the software used the SS and EP points in each frame to calculate the ITC index ( Fig. 1 ). The 16 frames were selected by the software, and these are selected at equal intervals, that is, at 11.25°a part for the 360°of the angle (The other options for frame selection were 8, 32, 64 and 128 frames).
The results are reflected in an ITC chart, which is analogous to a goniogram used in clinical practice (Fig. 1B) . The red circle in the centre of The ITC index is represented as the ratio of positive ITC (angle closure) in degrees (blue area in the ITC chart, Fig. 1B ) to the total angle with visible SS and EP in degrees (usually 360°C) as a percentage. In addition to the ITC index, the software displays the "invisible range," which represents the circumferential extent (in degrees) throughout which the SS or EP could not be determined in the meridional frames. A minimum of 7 points were needed in which SS and EP could be identified to calculate the ITC index (as per the manufacturer). However, in the present study, images with invisible range of more than 23°were excluded for quality control.
The extent of angle closure is also displayed as a graph (Fig. 1C) . As in the ITC chart (Fig. 1B) , a positive ITC value (i.e. when there is angle closure) is shown above the red horizontal line (denoting the SS) and a negative ITC (i.e. when an open angle is present) is shown below the line.
Statistical analysis
The ITC index, IOP, central ACD, LV, ACV and angle parameters were compared pre-LI and post-LI using the Wilcoxon signed-rank test. P < 0.05 was considered statistically significant. All statistical analyses were conducted using SPSS software version 20.0 (SPSS, Inc., Chicago, IL, USA).
Results
A total of 42 eyes of 36 patients who underwent LI were included in the final analysis. Five patients were excluded before the final analysis because of bad images due to poor cooperation. Among the included subjects, there were five men and 31 women, all were East Asians (Koreans), and they had the mean age of 65.00 AE 8. Table 2) . Among the nasal angle parameters, TIA at both 500 lm and 750 lm from the SS did not show significant changes after LI (p = 0.202 and 0.114 respectively), but other parameters including AOD, ARA and TISA at both 500 lm and 750 lm from the SS increased significantly after LI (all p < 0.05). All temporal angle parameters including AOD, ARA, TISA and TIA at both 500 lm and 750 lm from the SS increased significantly after LI (all p < 0.05) (Tables 3 and 4) .
The representative case of a PACG patient is illustrated in Fig. 2 : before LI (A) and after LI (B). The ITC index decreased from 67% before the LI to 35% after the LI, but part of the angle closure was not relieved. 
Discussion
In the present study, we found that angle closure was not relieved in 35.31 AE 27.19% of the circumferential peripheral angle after LI using the ITC index calculated with swept-source AS OCT. To our knowledge, this is the first study that evaluated the quantitative changes of circumferential peripheral angle after LI and also directly investigating the effect of LI. Although part of the angle closure was not relieved after LI, the ITC index and IOP improved (decreased) significantly. Central ACD and LV did not show significant changes, but ACV increased significantly after the LI. These results suggest that the peripheral angle is mainly changed and relieved after LI. Therefore, clinically, assessment of the peripheral ACA is more important than central ACD to determine the success of the LI. Adequate examination of the peripheral ACA requires gonioscopy or AS OCT. Previous studies reported some residual angle closure after LI using gonioscopy, conventional AS OCT and ultrasound biomicroscopy (UBM). A population study, the Liwan Eye Study, demonstrated that 19.4% of eyes still had three or more quadrants in which the posterior trabecular meshwork could not be seen after LI as assessed by gonioscopy (He et al. 2007 ). Yeung et al. (2005) reported that 42.9% of eyes had appositional angle closure after LI assessed by gonioscopy, which is higher than the Liwan Eye study results. Lee et al. (2011) found persistent angle closure in 23.9% of eyes by gonioscopy, and in 34.8% of eyes by conventional AS OCT after LI. A different incidence of angle closure after LI among studies using gonioscopy may reflect the inherent diagnostic variability of gonioscopy between observers and examination conditions. The possible causes for discrepancy between gonioscopy and AS OCT were proposed as different lighting conditions and distortion of the anterior segment by gonioscopy (Nolan et al. 2007 ). Yao et al. (2009) used UBM to assess ACA features qualitatively after LI and reported that appositional angle closure was observed in at least one quadrant in 38.2% of the fellow narrow-angle eyes of acute PAC patients after LI. A recent study by Yan et al. (2014) demonstrated that appositional angle closure was observed in more than one quadrant of the UBM image in 63.4% subjects. The difference in the ITC prevalence between UBM and sweptsource AS OCT is probably attributable to the fact that swept-source AS OCT provides 32 B-scan images per quadrant, whereas UBM gives only one B-scan image per quadrant with the current protocol (Mishima et al. 2013) . Our results of 35.31% residual angle closure over 360°after LI by swept-source AS OCT are concordant with these previous studies and also support the main findings, although the prevalence and devices of assessment vary among studies. In terms of the device of assessment, OCT has advantage in that it is a noninvasive, and noncontact method, requires no specific expertise of a trained examiner, and shorter examination time compared to gonioscopy or UBM. Swept-source OCT has faster scan speed which is more comfortable for patients and has higher resolution than conventional AS OCT. Swept-source OCT enables quantitative 360°peripheral angle evaluation, it may serve as a novel convenient method to evaluate circumferential peripheral angle at baseline and also after procedures such as LI.
All temporal angle parameters and other nasal angle parameters besides TIAs at both 500 lm and 750 lm from the SS showed significant increase after LI. It may seem that temporal peripheral angle opens slightly better than nasal peripheral angle. This may be influenced by the location of LI, although other factors may also participate. We assume that as the LI was performed mainly at the superotemporal region, peripheral angle may have opened better at the superotemporal area where the LI has applied. It needs more detailed method with larger number of patients to clarify the angle opening tendency after LI. Pathogenic mechanisms other than pupillary block, such as forward movement of the lens or plateau iris configuration, have also been suggested to contribute to angle closure (He et al. 2006; Kumar et al. 2008 Kumar et al. , 2009 Nongpiur et al. 2011 ). Wang et al. (2000 reported that 38.1% of Chinese eyes had PACG caused by a pupil blockage mechanism, whereas 61.9% were caused by a nonpupil blockage mechanism. While plateau iris has been widely investigated among nonpupil blockage mechanisms, a recent study by Yan et al. (2014) found that plateau iris accounted for only 44.7% of cases that were attributable to a nonpupil blockage mechanism. They used UBM, and their findings highlight the importance of the position of iris insertion and the thickness of the peripheral iris in the nonpupil blockage mechanism of angle closure. A total of 13.2% of pupillary block cases were caused by an anteriorly inserted iris alone, 13.2% were caused by a thick iris alone, 18.4% were caused by an anteriorly inserted iris combined with a thick iris, 2.6% were caused by a ciliary cyst and 7.6% of cases exhibited no obvious reason. Our results indicate that after pupillary block was relieved by LI, there was still partial angle closure (approximately 35.31%), which suggests that angle closure may not be caused by a single mechanism. In the present study, subjects with PAS and chronic PACG patients with PAS were excluded from the study participants. Therefore, we assume that PAS may not have had effect on the residual angle closure after LI. Several mechanisms, including pupillary block, may work in combination leading to angle closure in some patients. Further studies investigating how the other mechanisms are contributed in angle closure are needed.
In a series of Asian eyes with acute angle closure (AAC), 58.1% (64/111) developed increased IOP after LI during the follow-up period of 50.3 months (Aung et al. 2001) . Only 41.8% of eyes with AAC were successfully treated with LI alone and did not develop a subsequent increase in IOP on follow-up after resolution of the acute episode (Aung et al. 2001 ). However, studies on the IOP outcome after AAC in Caucasian populations found that IOP was controlled with surgical peripheral iridectomy or LI alone in 65% to 76% of eyes (Krupin et al. 1978; Playfair & Watson 1979; Fleck et al. 1997) . Asian eyes have smaller (A) (B) Fig. 2 . A representative case of primary angle closure glaucoma (PACG) after laser peripheral iridotomy (LI). The iridotrabecular contact (ITC) index decreased from 67% (A) to 35% (B) after LI (red oval circle). Note that the peripheral angle closure in the right side (A) was opened after LI (B) at the same cross-sectional frame (compare details in white round circle). However, 35% of the peripheral angle closure was not relieved after LI in this patient.
anterior segments including a smaller anterior chamber width compared to Caucasian eyes, as measured by AS OCT (Qin et al. 2012) . In a multicentre study assessed with AS OCT, Chinese eyes had thicker irides and a greater iris area than Caucasian eyes independent of pupil size in dark conditions (Wang et al. 2012) . Indeed, Asian eyes are thought to have a genetic and anatomic predisposition to develop angle closure (Lowe 1988; Kim & Jung 1997 ). In population-based studies, Asians have a higher prevalence of primary angleclosure glaucoma (PACG) than other races including Caucasians and African descendants (Cho & Kee 2014) . These ethnic differences in Asians may contribute to the aetiology and development of angle closure, which further influences the results of studies performed in Asians including the present study. It may be assumed that angle closure caused by combined mechanisms rather than a single mechanism may occur more in Asians than other races inferred from previous reports. Further studies are required to lead to more definitive conclusions. One of the limitations of this study is that it is not a population-based study but a hospital-based study, a referral hospital in the city, although it is a prospective one. Thus, it is likely that patients prone to develop more severe angle closure were included in this study. Therefore, the shallow anterior chamber eyes that underwent LI in our study might not represent all shallow anterior chamber eyes. Another limitation is that this study included only Korean patients. Given the differences in the anatomic structures and the prevalence of PACG (Lowe 1988; Kim & Jung 1997; Cho & Kee 2014) , the range of ITC indexes after LI observed here might not apply to other ethnic groups. Nevertheless, our study is unique in that all patients were East Asians (Korean), and all patients had LI performed as the initial procedure, thereby providing us with information regarding the success rate of LI as well as the underlying mechanism of angle closure. Another limitation may be that we were not able to visualize the ciliary body or measure lens configuration and/or thickness because AS OCT has limited tissue penetration. The ciliary body and lens are important structures that may contribute to ACA changes and angle closure. Nonpupillary block mechanisms of angle closure may considerably attribute to ciliary body and/or lens configuration. However, the aim of our study was not to investigate the structural mechanism for the angle closure following LI but to inspect the changes of ACA after LI and consequently estimating the effectiveness of LI.
In conclusion, the effect of LI was quantified by calculating the ITC index in swept-source AS OCT. The ITC index from patients with shallow ACA showed a significant decrease after LI but part of the angle closure was not relieved after LI. Other mechanisms besides pupillary block may play a role together in patients with angle closure. Follow-up with caution is required in patients with a narrow angle after LI. A large, multicentre study with long-term follow-up is required to draw more definitive conclusions.
